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Direct PCR sequencing with boronated nucleotides
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ABSTRACT

A method is described to simultaneously amplify and
sequence DNA using a new class of nucleotides
containing boron. During the polymerase chain reaction,
boron-modified nucleotides, i.e. 2 ’'-deoxynucleoside
5'-a-[P-borano]-triphosphates, are incorporated into
the product DNA. The boranophosphate linkages are
resistant to nucleases and thus the positions of the
boranophosphates can be revealed by exonuclease
digestion, thereby generating a set of fragments that
defines the DNA sequence. The boranophosphate
method offers an alternative to current PCR sequencing
methods. Single-sided primer extension with dideoxy-
nucleotide chain terminators is avoided, with the
consequence that the sequencing fragments are
derived directly from the original PCR products.
Boranophosphate sequencing is demonstrated with the
Pharmacia and the Applied Biosystems 373A auto-
matic sequencers, producing data that is comparable
with cycle sequencing.

INTRODUCTION

We have employed boranophosphatesdé®xynucleoside
5'-a-[P-borano]-triphosphates) a novel class of nucleic ét8)s
synthesized in our laboratory, in order to develop a method that
permits both amplification and direct sequencing of PCR
products. The boranophosphates are heat stable and can be
incorporated into DNA by PCR, yet, once incorporated, they
block the action of exonucleaget,15; KPorter and B.R.Shaw,
unpublished observations). Utilizing the complete set of thymidine-,
2'-deoxyadenosine-,’-Beoxycytidine- and 'Zleoxyguanosine-b
a-[P-borano]-triphosphates (dRFfs; Fig. 1) in base-specific
PCR reactions accomplishes both amplification and base-specific
demarcation. The PCR products are then digested with exonu-
clease to generate the sequencing fragments. As such, PCR
sequencing with boranophosphates provides a means for truly
direct PCR sequencing.

MATERIALS AND METHODS

The 3-a-[P-borano]-triphosphates of dA, dT, dC and dG were
synthesized and the diastereomers were HPLC separated by
maodification of methods described previo{dk). Oligonucleotide
primers were purchased from Genset and purified by TLC.
[y-33P]ATP and §i-33P]dATP (>1000 Ci/mmol) were purchased

Current PCR sequencing techniques rely on the incorporationf§m Amersham.

dideoxynucleotide chain truncators and thus are inherent
incompatible with polymerase chain reaction (PCR) amplificatio

I
ﬁlolymerase chain reaction/exonuclease digestion

(1-8). Once a dideynucleotide is incorporated, the chain iSPhage T7 DNA template (5 ng) was mixed with 20 pmol primers

terminated and no further extension or amplification is possibl
By necessity, amplification must be performed prior to cycl

Tior 5-GGAGCGTAGGAAATAATAC-3, positions 34534—
4552 of phage T7; T&, 5-CGGTTTTAATTACGTTAGCC-3,

sequencing. An alternative, but relatively unexplored, method f%bmplementary to positions 35042-35025), 80 each of
sequencing is to substitute delimiters for truncators directly inigaTp qTTP. dCTP and dGTP and 219 of on’e base-specific
the PCR amplification and to reveal the presence of the de”mit%éron'ated d’NTp (i.e. dAP, dTTPP, dCTPP or dGTPP) in 50l

either chemically or enzymatically.

Such a sequencing method, based on the incorporation
thiophosphate-modified nucleotides '-d@2oxynucleoside '%x-
[P-thio]-triphosphates) into PCR qatucts, was proposed by
Nakamayeet al.(9). The thiophosphates were incorporated int
DNA during PCR amplification and their positions were reveale
by chemical degradation. An analogous enzymatic approach
Labeitet al. (10,11) also usedibphosphates as delimiters to
sequence DNA,; after incorporation into primer extension productlg
the positions of the thiophosphates were revealed by exonuclease

V‘%nt buffer [NEB; 10 mM KCI, 20 mM Tris—HCI, pH 8.8, 10 mM
(NH4)2S0Oy, 2 MM MgSQ, 0.1% Triton X-100]. An aliquot of
0.5ul (1 U) Vent DNA polymerase (NEB) was added and PCR
was performed for 25 cycles of 95 for 1 min, 53C for 1 min

ith 0.5ul (32.5 U) exonuclease IlI (Life Technologies) for 30 min
Y37 C. Samples were separated on a 1% agarose gel.

E/nd 76C for 1 min. A 1Qul aliquot of each reaction was digested

rimer extension/exonuclease digestion

1l digestion. While, in principle, this method could be applied tdPrimer (3-CAGGAACAGCTATGGCCTC-3 10 pmol) was
PCR sequencing, the thiophosphates proved unsatisfact&yend-labeled with 2QCi [y-33P]ATP by polynucleotide kinase.

because of uneven band intengiyi 2).

Labeled primer was annealed to unlabeled templa@T&TA-
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? (I.I) (I? 1. Anneal labeled primer 1 and unlabeled primer 2 to DNA
"0-P—0-P-0-P-0 N template. Primer 1
| _ | . | 0 Template 5 5
BHj" 5'
Primer25l
OH 2. In separate A-, T-, G-, and C-specific reactions, incorporate
the appropriate boronated 2'-deoxynucleotide by PCR
Figure 1. 2-Deoxynucleoside '&-[P-borano]-triphosphate (dNIP). N = amplification.
adenine, cytosine, guanine or thymine. e . R
5
e Primer 2
GCTGAGGCCATAGCTGTTCCTG-3 10 pmol). Extension AT PR
was accomplished with 1 U T4 DNA polymerase in the presence 7777777777 oo primer2°
of (i) all-normal dNTPs or (i) successive replacement of one dNTP oPrimert R
with the corresponding dMIP (50 uM each in 25ul 50 mM METRRRAE b --orooosseee- —
Tris—HCI, pH 7.5, 10 mM MgG| 1 mM DTT) for 10 min at primer2

37°C. An aliquot of each extended primer—template dupleplJ10 3. Digest back to the 3' boronated dNMP with exonuclease.
was digested with 0.3 (32.5 U) exonuclease Il for 30 min at
37°C. Samples were separated on a 16% polyacrylamide—8 M

Primer 1
urea gel. s iiiriiiiseh
° Primer 2

DNA sequencing  Primer 1 )

.
Pharmacia automated sequencér.sample of 22 ng DNA b orimer 2
template 53 inserted into pUC18) was mixed with 10 pmol  Primer 1
modified M13,, (5-CGACGTTGTAAACGACGGCCAGT-3 STy LI .
5 Cy 5, internal biotin) and 10 pmol unmodified N3 Primer 2

(5-ACAGGAAACAGCTATGACCATG-3; 800 bp product)

prlmers 25uM each dATP, dTTP, dCTP and dGTP and elthe4 Separate fragments by PAGE and read the DNA sequence.
dATPP (2.5uM), dTTPP (10uM), dCToP (10pM) or dGTOP A T c G

(2.5uM) in 50yl Taq PCR buffer (10 mM Tris—HCI, pH 8.3,
50 mM KCI, 1.5 mM MgQJ). The reaction mixture was heated —
to 95°C for 1 min and returned to ice. After addition of 2.5 U —
AmpliTag DNA polymerase (Perkin-Elmer) PCR was performed — -
for 25 cycles of 95C for 15 s, 62C for 1 min and 78C for 1 min. —

A 25 ul aliqguot of the PCR reaction was mixed with
streptavidin-linked magnetic beads (Dynal; 10 mg/ml jnl 36mM
Tris—HCI, pH 7.5, 0.5 mM EDTA, 1 M NaCl) and incubated with Figure 2. Direct PCR sequencing with boronated nucleotides.
mild agitation for 30 min. The PCR products bound to the
magnetic beads were immobilized by a magnet and washed twice

with exonuclease Il buffer (10 mM Tris—HCI, pH 7.6, 5 mM
MGCls 5 mi DIT). The samples were resuspended 10 KOXC 414 TAMRA labeed semples,  sampe o 20 10 DA
géo:]lijnd:{a\;gclzll buffer and digested with 60 U exonuclease IlI f 0 pmol labeled —21M13 FGTAAACGACGGCCAGT-3)
After digestion, the samples were heated for 1 min &€ 96 andci(_)rgr_ggl 1%%gb§|edré\(/|jﬂe§t§5 rAncwzeArS((‘Jj‘ A“TMP‘%/'_\FC'?ICD:ZA(-ZI—'IC';I; and
denature the PCR products. The magnetic beads, along with ' p product) pri ! ; !
P (254M each), one each of d&F (2.5uM), dTTPP (10puM),

biotinylated primer strand fragments, were immobilized with T
- ; P (10 uM) or dGTPP (2.5uM) and 2.5 U Taq DNA
magnet and the unmodified primer strand fragments were remov (c%ymerase in 501 PCR buffer (10 mM Tris—HCl, pH 8.3, 50 mM

The biotinylated primer strand fragments were resuspendegilin 1
formamide loading buffer, heated for 1 min af@50 detach < 1.5 MM MgCh). PCR was performed for 30 cycles of @5
for 15 s, 58C for 1 min and 70C for 1 min.

them from the streptavidin-linked magnetic beads and tpén 6 After amplification, the base-specific reactions were combined,

loaded onto a sequencing gel. . = .

As a control, cycle sequencing was performep&ﬁvaC1 extracted with an equal volume of chloroform, precipitated with
DNA as directed in the Pharmacia AutoCycle sequencing kit. AI opropanol and resuspended inibater. A 131 ahquﬁot was
samples were analyzed on a Pharmacia prototype single co pested with 0.5 U exonuclease Il and 1.6 107 Uil
four lane automatic fluorescent sequencer. phosphodiesterase | (fraBothrops atroxSigma Chemical Co.)

|n 30 ul exonuclease buffer (10 mM Tris—HCI, pH 7.6, 5 mM

Applied Biosystems 373A sequeridge Primers were provided by MgCly, 5 mM DTT) for 30 min at 37C. Samples were extracted
PE Applied Biosystems and a human leukemia cDNA library wasith chloroform, precipitated with isopropanol and resuspended
provided by Stratagene. Base-specific four color PCR reactioims6 pl loading buffer (84% formamide, 4 mM EDTA, 8 mg/ml
were performed with Dye Primers: FAM-labeled primer for dQlextran blue). The samples were heated & 96r 2 min and
reactions, JOE for dA, TAMRA for dG and ROX for dT. As4 pl were loaded onto a 4.75% polyacrylamide gel and analyzed on
suggested for the 373A, two PCR reactions were performed fan Applied Biosystems 373A Stretch automatic DNA sequencer.
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Figure 3.dNTPPs are substrates for PCR. PCR was performed with all-normal

(lane 1) or partially boronated (d2, lane 3; dTHP, lane 5; dCP, lane 7;

dGTbP, lane 9) nucleotides. Following amplification, the DNA was treated with i R i S e e
exonuclease Il: all-normal dNTTPs (lane 2) or partially boronated®Rifinhe 4; Pri 5" -CRGGAACAGCTATGGCCTC-3

dTTPP, lane 6; dCIP, lane 8; dGHP, lane 10) nucleotides. Tem 3'-GTCCTTGTCGATACCGGAGTCGATGTG-5'

. - . igure 4. Primer extension with dNPPs. Primers were extended in the
Cycle sequencing was performed with the AmpllTaq I:SFresence of all normal dNTPs (lane 1) or successive replacement of one dNTP

sequencing kit (PE Applied Biosystems) according to th&ith the corresponding dNIP (dATPP, lane 3; dTHP, lane 5: dCHP, lane 7;

manufacturer’s instructions. dGTPP, lane 9). Following amplification, the extended primer was treated with
exonuclease IlI: all-normal dNTPs (lane 2) or boronatedigA@ne 4; dTHP,
I ; dCPP, | ; dGhP, lane 1 leotides.

RESULTS ane 6; dCPP, lane 8; dGAP, lane 10) nucleotides

Current methods for PCR sequencing cannot, in fact, directly

sequence PCR products. DNA templates must first be amplified

by PCR and only subsequently sequenced by a secondary primer ) ) ) )

extension reaction, which incorporates the dideoxynucleotid@ntaining DNA was noticeably resistant to digestion (lanes 4, 6,

chain terminators. In contrast, for the boranophosphate sequenchgnd 10). Therefore, these studies demonstrated that boronatec

method (Fig. 2), the amplified PCR products, after digestion, aféiCleotides can be incorporated into DNA by PCR and the

loaded directly onto the sequencing gel. resultant PCR products are resistant to exonuclease digestion.
To accomplish direct PCR sequencing, boranophosphates are

incorporated in base-specific PCR reactions and their presence is .

revealed by exonuclease digestion, thereby defining the sequeRE#Ner extension

of the DNA. In order to evaluate the use of boranophosphates for , i

sequencing, several questions had to be answered. Could {Redetermine whether a boranophosphate could substitute, base

boranophosphates be incorporated into DNA during PCR withogPecifically, for the corresponding normal dNTP and act as a

decreasing amplification efficiency? Once incorporated, were tfRoCK to exonuclease, a primer was extended in the presence of

boranophosphates sufficiently resistant to exonuclease digestitfP% of one boronated dNTP (W dTTP, dGPP or dCPP)

that the normal nucleotides would be digested leaving a seried?dfS the three remaining normal dNTPs (Fig. 4). All of the

borano-terminated DNA fragments? Finally, could the borand?limers were extended to the full length of the template (lane 1,

phosphate method produce high quality sequence data? a}l-n_o_rmal; Ianes 3,5 7and9, boronat.ed). The presence of a
significant quantity of boronated nucleotide (4-11% of the total

nucleotide concentration of the extended primer) did not alter the
yield or the electrophoretic mobility. Following extension, an
To address the compatibility and efficiency of boranophosphataquot of each sample was digested with exonuclease Ill. The
with PCR, a 509 bp duplex was amplified by 25 cycles of PCRIl-normal product was digested completely (lane 2), whereas for
in the presence of a small quantity of each of the®@§TAs seen each boranophosphate-containing sample the exonuclease diges
in Figure 3, comparable amounts of full-length DNA werdion was halted significantly at the position of the boronated
produced with all-normal (lane 1) and partially boronated (lanes 8ubstitution (lanes 4, 6, 8 and 10). It should be noted that the
5, 7 and 9) nucleotides, demonstrating that the?BN@ire readily  preference of exonuclease IlI for cytidine resid{i& is also
incorporated into PCR reactions. observed for boronated cytidine, thus producing faint extraneous

To examine the nuclease resistance conferred by the borabands in lane 10. Nevertheless, under conditions in which
phosphates, the PCR products were treated with exonucleasedllknormal extension products were digested completely, the
which is a double-strand-specifieéonuclease. The all-normal boronated extension products were base specifically resistant to
PCR products were digested extensively (lane 2), while the bor@xonuclease.

Polymerase chain reaction
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Figure 5 . Comparison of boronated PCR Sequen okjguith Taq cycle sequencing) on the Pharmacia sequencer.
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Figure 6. Comparison of boronated PCR Sequenciigiith AmpliTag FS cycle sequencing)(on the Applied Biosystems 373A.
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Taken together, Figures 3 and 4 demonstrate that the boronated o 30 =2 190 130
nucleotides: (i) do not obstruct PCR or primer extension; (ii) are TCCGTAGTCA CCGACGAGAA CCAGAAGTGG ACATGATAMA CAGTATAAGA
more resistant to exonuclease Il than are normal nucleotides; TCCGTAGICA CCOACGAGA- CCAGAAGTGG -CATGATARA CAGTATAAGA
(i) are resistant to exonuclease Il base specifically. These O e o 1o

AAGCTCATTT GGGCACAGCT NGAAGGCCAA CCCTTTTGGA GGTGCTTCTC
*

properties make the boranophosphates suitable for use as the — 27oooo2on “xrrfrioos Jorrorns o L T
Sequence dellmlters dESCI'Ibed |n F|gure 2 ARAGCTCATTT GGGCACAGCT ANAAGGCCAA CCCTTTTGGA GGTGCTTCTC

210 220 230 240

R | I ) . !
ATGCAARAGG AATCGTGCTG GAAAAAGTAG GAGTTGAAGC CAAACAGCCA

. ATGCAAAAGG AATCGTGCTG GAAAAAGTAG GAGTTGAAGC CAAACAGCCA
DNA sequencing 240 app a0 240 s
AACTCTGCCA TTAGGAAGTG TGTAAGGGTC CAGCTGATCA AGAATGGCAA

To assess the quality of the sequence data generated by the AACTOTGOCA TTAGGAAGTG TGTARGGGTC CAGCTGATCA AGRATGGCAA
boranophosphate method, PCR products amplified from double- 31 70 3 340 P
stranded clones were sequenced (Figs 5 and 6). For compatrison, GRAMATCRCR GCCTTIGIRC CCARTGRCGG TIGCTTGRAC TTTRTTGRGG
the analogous reglOﬂS Were Sequenced by CyCle SequeﬂClﬂg from GAAAATCACA GCCTTIGTAC CCAATGACGG TTGCTTGAAC TTTATTGAGG

purified plasmid templates. Boranophosphate sequencing is

360 370 380 330 400

[ .
AAAATGATGA AGTTCTGGTT GCTGGATTTG GTCGCARAAGG TCATGCTGTT

compatible with both dioactive_ (data not shown)_ and fluorescgnt R
labeling. Automated sequencing was accomplished by the single s 0 0 0 i
color, four lane format (Pharmacia) and by the four color, single SETSRTATTC | TGGAGTCCG CTITARGGIT GICAAAGTAG CCRATOTTEC
lane format (PE App“ed Biosystems)_ GGTGATATTC CTGGAGTCCG CTTTAAGGTT GTCAAAGTAG CCAATGTTTC

460 470 430 490 500

N P ATRCAN ! A DA Ay - ~ .,.\‘
Pharmacia sequencetigure 5 compares boranophosphate and JCTITIONCC CTATACATAG GCRAGRAGGAR SRGACCCAGS ATCATRMATR

TCTTTTGGCC CTATACAAAG GCAAGAAGGA AAGACCAAG- ATCATAAATA

Taq cycle sequencing of thg53 gene on the Pharmacia

instrument. For boranophosphate sequencing, the sequencing

primer was modified with both a Cy 5 fluorescent label and biotinfigure 7. Alignment of sequences derived from boranophosphate PCR

the ligand for streptavidin-linked magnetic beads. Immediately©auencing (top) and from AmpiiTaq FS cycle sequencing (bottom).

after amplification, the biotinylated PCR duplexes were bound to

streptavidin-linked magnetic beads, immobilized with a magnet

and the PCR buffer was exchanged for the optimal exonuclease

[l buffer. Exonuclease Il digestion was performed while theDISCUSSION

PCR products were attached to the magnetic beads, after which

the base-specific borano-terminated DNA fragments were removéé have demonstrated that boranophosphates are suitable for us

from the beads and analyzed on the automated sequencer. as delimiters for direct PCR sequencing. The boranophosphates
Boranophosphate sequencing (Fig. 5A) compares favorabs§ not inhibit PCR or primer extension and, yet, once incorporated

with Taq cycle sequencing (Fig. 5B) methods; for both methodito DNA, they block the action of exonucleases. Boranophos-

the sequence could be read o650 bases. No secondary phates, as sequence delimiters, do not interfere with the exponential

structure-induced artifacts were noted for either method, howevamplification property of PCR. After incorporation, the positions

each method had at least one position where the correct base c@fildhe boranophosphates can be revealed by exonuclease

not be determined because of an extremely weak band. At egligestion, thereby generating a series of borano-terminated

position where a particular base could not be determined by ofi@gments that defines the DNA sequence. Since the sequencing

method, the base could be called correctly by the other methd@gments are generated from full-length PCR products, the

The desirability of determining a sequence by two independeﬁiﬁtribution of fragments is advantageously skewed towards the

methods has been noted previogsly). longer fragments. _
Direct boranophosphate PCR sequencing has been shown to be

Applied Biosystems 373A sequenger.insert from a human compatible with a variety of formats. Manual sequencing has
cDNA library was sequenced by direct boranophosphate PGieen performed with end-labeled primers, as well as with
sequencing and by AmpliTaq FS cycle sequencing on the Appliedlabeled primers and radioactive dNTPs. Automatic sequencing
Biosystems 373A sequencer (Fig. 6). For the boranophosphaies been performed with two types of sequencers. For borano-
method, we performed base-specific PCR reactions with fluorescg@htosphate sequencing with the Pharmacia instrument, primers
Dye Primers, combined the reactions, digested with exonucleagere doubly modified with a Cy 5 fluorescent label and with
and loaded the fragments onto the sequencer. Digestion condititistin, which allowed solid phase purification of the PCR
were modified to include both exonuclease Ill and phosphodiest@roducts. Although not demonstrated here, the boronated PCR
ase |, which improved the signal quality on the Applied Biosystenroducts are amenable to bidirectional sequencing either by solid
instrument. phase strand separation or by uniquely labeled fluorescent
Boranophosphate sequencing (Fig. 6A) approached the qualitymers. For the Applied Biosystems 373A sequencer, a combina-
of AmpliTag FS cycle sequencing (Fig. 6B) over a considerabt®n of exonuclease Il and phosphodiesterase | nucleases was
range. High quality sequence data were produced for >500 bashswn to perform optimally. The quality of the resultant
by boranophosphate sequencing and for >600 bases by AmpliEaguencing data was equivalent to Taq cycle sequencing and
FS cycle sequencing. Visual inspection of the data showed tlatproached that of AmpliTag FS cycle sequencing.
the boranophosphate method produced excellent sequence daRresently, boranophosphate sequencing has been shown to
from positions 100 to 450. Standard ABI base calling softwamgenerate accurate and reproducible base calls over extended
indicated accuracy over an even wider range (Fig. 7); the alignselquences (450 bases in Figs 5—7). Yet in order fordgvasphate
sequences maintained close agreement from positions 70 to 5&fjuencing to be more generally useful, the method requires
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improvement, i.e. accurate base calls over longer read lengths. Wfermacia Biotech and by PE Applied Biosystems. A human cDNA
expect to improve our method by introducing modifications to thigorary was provided by Stratagene.

nucleotides, the exonuclease and the base calling software.

Chemically, the structure of the boronated nucleotides can be

altered so as to reduce their differential susceptibility to nuclead8§FERENCES

Wh"_e maintaining their excellent mcorp_o_ratlon properties. EnZY'l Sanger,F., Nicklen,S. and Coulson,A.R. (19t8E. Natl. Acad. Sci. USA
matically, exonuclease Ill may be modified to perform better in 74, 5463.

our system, i.e. with reduced sequence specificity, in a manner Tabor,S. and Richardson,C.C. (19BRc. Natl. Acad. Sci. US&4, 4767.
analogous to that used to design ThermoSequém8¥eand 3 Saiki,R.K., Scharf,S., Faloona,F., Mullis,K.B., Horm,G.T., Erlich,H.A. and

. . . Arnheim,N. (19855cience230 1350.
AmpliTaq FS(19,20) plymerases. Finally, the base calling , ;s k B. eEnd Fa;ISoona,E.A.Q(lQSIX/)ethods Enzymoli55 335.

software, including neural net syste@s), can be wdified to 5 Gyllensten,u.B. and Erlich,H.A. (198Bjoc. Natl. Acad. Sci. USAS,
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